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  Iron nanoparticles and iron oxide nanoparticles are among the most commonly studied nanomaterials because of their applications in fields ranging from catalysis to ferrofluids. However, many synthetic methods give iron nanoparticles with large size distributions, and it is difficult to follow the kinetics of iron nanoparticle oxidation reactions and the relative speciation of iron oxidation states in real time. Herein, we introduce a simple approach of controlling the sizes of Fe@FexOy nanoparticles and a novel method for following Fe@FexOy nanoparticle oxidation in situ in liquid solutions by Fe K- and L-edge X-ray absorption near-edge structure (XANES) spectroscopy. XANES results show that these Fe@FexOy nanoparticles have similar XANES spectra before exposure to air. In situ XANES measurements allow for quantitative oxidation kinetics of different nanoparticle sizes to be followed; results show that the rate of Fe(0) oxidation increases with a decrease in average nanoparticle size. However, the rate of Fe core size depletion was found to be ca. 0.022 nm/min for all the nanoparticle systems studied. This suggests similar oxidation mechanisms are at work for all the particle sizes studied. This work shows that in situ liquid cell XANES can be used to follow oxidation state and coordination environment changes in Fe NP dispersions.





  Nanoparticles (NPs) with sizes of less than 100 nanometers have attracted extensive interest in various fields because their nanoscale features can dramatically change the properties of the materials compared to their bulk counterparts.1,2 Fe NPs and Fe oxide NPs are among the most commonly studied nanomaterials, and have a myriad of applications in fields ranging from catalysis to ferrofluids.3-8 In particular, Fe oxide NP systems have recently attracted much interest as catalysts for selective hydrogenation and/or enantioselective hydrogenation reactions.9,10 Compared with many nanomaterials that are derived from precious metals, Fe is one of the most abundant metals on earth, and consequently one of the least expensive metals.11 In addition, Fe is relatively non-toxic compared with many other transition metals, and Fe or Fe oxide NPs may be magnetically recovered in catalytic applications.12 However, due to the ease of oxidation of Fe NPs, exposure to air typically leads to either complete oxidation to FexOy NPs, or partial oxidation of the surface to form Fe@FexOy core@shell NPs.13,14 As such, this system allows for the examination of the mechanism of Fe oxidation (i.e. rusting) at nanoscale levels, and has been used to develop hollow FexOy NPs under certain conditions due to Kirkendell diffusion effects.5,15 Typically products of such oxidation reactions are characterized via ex situ X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAS) measurements.16-18 Herein, we show a novel method of following Fe NP oxidation in situ by XAS in liquid solution cells; this allows for one to follow in real time the kinetics of Fe NP oxidation reactions as a function of starting NP size and the speciation of Fe oxidation states.
  Over the last twenty years, various methods have been developed to synthesize Fe NPs, such as thermal decomposition,19-21 sonochemical synthesis,22-24 reduction of Fe salts and oxides,25-27 and many other methods.28-30 Klabunde et al. reported a simple way to prepare Fe NPs via reduction of ferric (Fe3+) or ferrous (Fe2+) ions with sodium borohydride in aqueous solutions.31 Small amounts of oxygen or even oxygen-free water in the synthesis can oxidize zerovalent Fe NPs to give rise to Fe@FexOy (core@shell) NPs, in which the oxide shell can protect the zerovalent Fe core against excessive rapid oxidation.32 Many groups have used this simple method to synthesize Fe@FexOy NPs for environmental remediation or catalytic studies.33-35 For example, Zhang’s group showed that Fe@FexOy NPs can be used for the transformation of halogenated organic contaminants and heavy metals.36,37 The Moores group reported that Fe@FexOy NPs are active for the hydrogenation of olefins and alkynes under mild conditions.17 Several groups have shown that Fe@FexOy NPs can also be precursors to seed, reduce and support another metal to form core-shell bimetallic NPs to catalyze Suzuki-Miyaura cross-coupling reactions (Fe@FexOy/Pd)18 or azide-alkyne click reaction (Fe@FexOy/Cu).38 However, many of these syntheses give NPs with large size distribution and it is unclear whether the underlying Fe cores are accessible via cracks in the oxide shells or whether Fe speciation changes during hydrogenation and/or galvanic reactions. In addition, Fe speciation information is often obtained by XRD and/or XPS as ex situ experiments upon drying the solid materials;17,18,25,38 XRD only gives information of crystalline components, while XPS measurements are typically done under ultra-high vacuum conditions, which may change the nature of the materials. 
  XAS is a powerful tool to probe the composition and structure of a material with short-range order.39,40 Several groups have carried out ex situ studies of the composition and oxidation of Fe@FexOy NPs. Sun et al. and Lin et al. reported the transmission mode Fe K-edge X-ray absorption near-edge structure (XANES) spectra and extended X-ray absorption fine structure (EXAFS) of Fe@FexOy NPs, respectively.16,41 Signorini et al. studied the oxidation of Fe@FexOy NPs by XAS transmission spectra of Fe and O K-edge.15 With recent advances in XAS and XPS technology, it has now become possible to analyze materials under in situ conditions.42-45 For example, Anderson et al. showed that structural inversion took place for Pd@Pt (core@shell) dendrimer-encapsulated NPs via an in situ EXAFS study.46 Wang et al. found that a Rh1/Co3O4 catalyst restructured at reaction temperatures of 220 °C using a Nashner-Adler in situ cell which can heat a sample up to 600 °C.47,48 Wu et al. studied the surface composition in bimetallic nanoparticles in a specialized in situ grazing-incidence cell.49,50 There are also some excellent examples of XPS used for in situ studies of aqueous samples of nanoparticles by using a liquid microjet.51,52 Recently, our group studied the mechanisms of AuPd NP-catalyzed oxidation of crotyl alcohol in water by in situ XAS using a liquid cell with a X-ray permeable window.53 In this work, we used similar liquid cells and experimental layout of the synchrotron beamline endstation reported by Liu et al.54 to collect XANES spectra of Fe NPs at the Fe K-edge both before and after exposure to air. Fe LII- and LIII-edge in situ XANES studies were also carried out using a liquid cell with a 100 nm silicon nitride window within an ultra-high vacuum chamber on the SGM beamline at the Canadian Light Source (CLS).55 












  Fe@FexOy NPs were prepared by reducing FeSO4·7H2O in the absence and presence of PVP with NaBH4 at room temperature (23 ± 2 °C) using different volume ratios of methanol to water as solvents, following previous literature protocols.31,37 TEM images were taken of the particles after exposure to air for 30 minutes. No attempt was made to clean the NP samples as it was desirable to have TEM information that would be comparable to in situ X-ray absorption data shown below. As shown in TEM images (Figure 1 and Table 1), the Fe@FexOy NPs stabilized by PVP are mostly spherical in shape and particles have a Fe core (dark) and Fe oxide shell (light), and exist as chain-like aggregates. Aggregation may be due to the magnetic properties of the particles or could be a drying artifact.56,57 When different volume ratios of methanol to water as solvents were used to synthesize Fe@FexOy NPs, smaller particles were observed for higher volume fractions of methanol. Fe@FexOy NPs synthesized using methanol as the solvent have very small sizes (2.3 ± 0.6 nm), as shown in Figure 1d, while those synthesized in 9:1, 4:1 and 1:1 methanol/water mixtures are 7.7 ± 1.2 nm, 11.8 ± 2.1 nm, and 16.6 ± 4.9 nm, respectively. Similar oxide shell thicknesses of 1.4-1.5 nm where seen for each of the particles (with the exception of the small particles synthesized in methanol). PVP can provide steric stabilization for metal NPs through the steric bulk of their framework and bind weakly to the metal NPs surface via functional groups,58 this likely decreases the growth rate of the originally-synthesized Fe NPs. In order to optimally disperse Fe@FexOy NPs, a 32× excess of PVP (over Fe(II)) were used in the synthesis; TEM results show that there are no obvious differences when PVP amounts were increased from 4× to 32× the moles of Fe(II). In the absence of PVP stabilizers, the average sizes of Fe@FexOy NPs also decrease with an increase in the volume fraction of methanol in the solvent mixture; however much larger particle sizes are seen and there is little control of polydispersity of the samples. The changes of the sizes of NPs according to different ratios of methanol to water may be due to the changes of the dielectric property of the mixed methanol-water solvent.59
  Solution Fe K-edge XANES measurements were conducted to study the oxidation kinetics of Fe NPs, using an in situ liquid cell setup identical to the one documented in a previous publication by Kelly and coworkers.54 Samples were kept under an inert nitrogen atmosphere. As shown in Figure 2a, XANES spectra of as-synthesized Fe NPs synthesized in different volume ratios of methanol to water (v/v 9:1, 4:1 and 1:1) mixtures with the same amounts of PVP are very similar, while the sample synthesized in pure methanol is significantly different. Linear combination fitting was used with Fe(NO3)3, FeSO4, and zerovalent Fe foil standards (Figure 2b), to measure relative fraction of Fe(III), Fe(II) and Fe(0) in the NPs at different times. The results indicate that there is approximately 80% Fe(0) and 20% Fe(II)/Fe(III) in the NP samples as-synthesized in different volume ratios of methanol to water (v/v 9:1, 4:1 and 1:1) mixtures under nitrogen; while the NPs synthesized in pure methanol has a much lower Fe(0) loading of 45% and correspondingly much higher Fe(II) loading. XANES spectra of as-synthesized Fe@FexOy NPs synthesized with different amounts of PVP in the same volume ratio of methanol to water mixture are also nearly identical. The results indicate that those Fe@FexOy NPs have similar surface compositions under inert conditions, which is most likely due to oxidation by water.55 XANES spectra of Fe(II) and Fe(III) solutions only show very weak pre-edge features around 7113 eV, which are due to the dipole forbidden Fe 1s→3d transition. The relative high pre-edge peaks at 7112 eV in samples are due primarily to the existence of a Fe core in Fe@FexOy NPs (Figure S1 in the supporting information). The smaller peak at 7112 eV in the spectrum of NPs synthesized in pure methanol than their counterparts synthesized in water/methanol mixtures indicates these NPs are initially more oxidized; this is likely due to the extremely small size of these NPs. 
  The XANES region is often used to determine the formal oxidation state of the element, because the absorption edge energy increases correspondingly as the oxidation state of the absorption site increases.43 Figure 3 shows the Fe K-edge XANES spectra collected over time upon exposure of the as-synthesized samples of Fe@FexOy NPs to air, leading to the further oxidation of the particles. As shown in Figure 3, upon an increase in the oxidation time, the absorption edge shifts to higher energy, which indicates the Fe@FexOy NPs are further oxidizing. The data shows that Fe@FexOy NPs with larger sizes (i.e those synthesized in 1:1 methanol:water mixtures) take longer times to reach a final state. For each sample, the end of oxidation was judged by obtaining two consecutive XANES spectra which were identical (Figure S2). The 1st derivative XANES spectra (Figure S3) show that the chemical composition of all the Fe@FexOy NPs reaches a similar final state upon complete ambient air oxidation of the NPs. Linear combination fitting of the XANES spectra in Figure 3 using the standards in Figure 2b was attempted to quantify the relative fraction of all three species as a function of time (Table 2). Attempts were made to fit the data with a variety of solid Fe oxide standards instead of Fe(NO3)3 and FeSO4 salts dissolved in water, however the fitting results suffered when using Fe oxide standards.  All fits showed consistent levels of starting Fe(0) in the particles which went down over time; thus results on subsequent fitting results are only mildly influenced by the standards chosen. We are uncertain as to why better fits are obtained with simple Fe salt standards, but it may be due to either the non-identification of more appropriate standards or possibly the existence of defective oxide shells on the surface of the particles, as was seen by Wang et al. by EELS measurements.60 Finally, we should note that some of the Fe(II) and Fe(III) is also leached from the particle surface; the respective spectra are a sum average of both Fe oxide signals from the particle surface and Fe salts dissolved in solution.




Where Vg is the molar volume of Fe (7.09 cm3/mol) and R is the radius of a spherical particle. Using the data in Table 2, the relative amount of Fe(0) was calculated at each time, and equation 1 was used to calculate the radius of the new core, which was assumed to be spherical. Figure 4B shows the final plot of the Fe(0) core size vs. time as well as linear best fits of the data. The 9:1 and 4:1 methanol/water systems (ca. 7.7 and 11.9 nm particles) show similar rates of core oxidation vs. time of ca. 0.022 nm/min, while the larger particles formed in 1:1 methanol/water systems had a slightly slower rate of 0.014 nm/min. 
These numbers are in fair agreement with TEM results after 30 minutes which show similar oxide shell thicknesses for all three systems. Exponential decay of dx/dt as predicted by the Cabrera-Mott theory is not seen in our data set; however, we note that we are not able to follow the kinetics of the initial oxidation before exposure to air. Linderoth et al. noted that the Cabrera-Mott theory predicts oxide thickness of 2 nm on 2D Fe surfaces to take 40 s at 295K, while an oxide thickness of 3 nm would take 40 weeks.63 A greater amount of oxidation is seen in our data, which is not unexpected as 3D NP systems in solution are quite different from 2D surfaces. First, nanoparticle oxidation occurs with a corresponding reduction in surface area which is not seen in 2D systems. In addition, Kirkendall effects can lead to the formation of void spaces and significant strain can be created in these systems. Pratt et al. have shown thicker, anisotropic oxide layers for NP systems, and have attributed this to strain-enhanced ionic conduction.64 The higher levels oxidation seen here also suggest that leaching of Fe salts into solution may be contributing to the oxidation rate; this likely accounts for the larger decrease in Fe(0) core size for the largest particles synthesized in 1:1 methanol/water solutions (i.e. leaching is exacerbated in solutions with higher water content). 
  Fe L-edge XAS spectra involve the dipole-allowed Fe 2p→3d transitions, which are much more sensitive to Fe oxidation states than K edge data. Figure 5 shows solution phase Fe LII-edge and LIII-edge data for Fe@FexOy NPs synthesized in the 9:1 methanol:water mixture before and after exposure to air for 2 h, as well as the Fe(0), Fe(II) and Fe(III) standards (FePO4 and FeLiPO4). The Fe LII-edge (718-725 eV) and LIII-edge (706-713 eV) regions are well resolved as a result of spin-orbit coupling. Additional splitting of LII-edge and LIII-edge main peaks is due to the degeneracy of Fe d orbitals into eg and t2g affected by their coordination environment. For the as-synthesized Fe@FexOy NPs, the positions of the LII and LIII peaks are similar to those of Fe(0) and Fe(II) standards suggesting that the NPs are mostly composed of Fe(0) and Fe(II) which are in agreement with the results from Fe K edge. The XANES spectrum of Fe@FexOy NPs after oxidation shifts to the higher energy compared with that of as-synthesized Fe@FexOy NPs, which is likely significant oxidation to Fe(III). This also complements the K edge data which showed copious oxidation of the Fe(0) cores. The LIII-edge spectrum of Fe@FexOy NPs after oxidation shows two well-resolved peaks at approximately 708.1 and 709.5 eV which is consistent with the LIII-edge spectra of octahedral-coordinated Fe(III) reported by Peak et al.65 Fe L-edge XANES spectra of Fe@FexOy NPs synthesized in pure methanol before and after oxidation are similar as those of the NPs synthesized in the 9:1 methanol:water mixture. Fe L-edge XANES spectra of Fe@FexOy NPs synthesized in the 4:1 and 1:1 methanol:water mixtures could not be readily obtained, due to clogging of the sample cell with the larger Fe@FexOy particles.
  Powder XRD can complement XAS results by identifying long-range order. Figure 6a shows PXRD patterns of the as-synthesized and oxidized Fe@FexOy NPs synthesized in the 1:1 methanol:water mixture. The as-synthesized Fe@FexOy NPs have peaks at 2θ values of 44.6° and 35.4° which reveals the existence of both crystalline α-Fe and iron oxide (FeO) which are in agreement with the results reported by others.16,17 Peak positions of Fe@FexOy NPs after oxidation are similar to those of pure γ-FeOOH (Figure 6b) which is consistent with the observations of Fe K- and L-edge XANES results. Analysis of the FWHM peaks of the γ-FeOOH PXRD data suggested the PXRD peaks showed both size and strain broadening. Strain in such systems is likely caused by growth of oxide layers on the underlying Fe core.

CONCLUSION
  We have shown an approach to control the sizes of Fe@FexOy NPs through using different ratios of methanol to water mixture solvents, and have further shown control of the Fe NP sizes and size distribution using PVP stabilizers. Fe K-edge and L-edge XANES spectra in liquid cells were used to characterize Fe@FexOy NPs before and after oxidation, and we successfully monitored the oxidation process of Fe@FexOy NPs by Fe K-edge XANES spectra. XANES results show that these Fe@FexOy NPs have similar XANES spectra before exposure to air and the rate of oxidation of Fe@FexOy NPs is slower for larger Fe@FexOy NPs. However, this is primarily surface area effect; plots of Fe(0) core size vs. time show that all systems proceed with relatively similar kinetics. Together, Fe K-edge and L-edge XANES spectra indicate that these NPs with different sizes finally reach the same octahedral-coordinated Fe(III) oxidation state. XRD results further confirm that these Fe@FexOy NPs have α-Fe core before oxidation and have a γ-FeOOH shell after oxidation. 






  Chemicals and Materials. All chemicals were used as received. Iron (II) sulfate heptahydrate was purchased from Sigma-Aldrich. Poly(vinylpyrrolidone) (M. W. 58,000 g/mol) was purchased from Alfa Aesar. Sodium borohydride and methanol (HPLC grade) were purchased from Fisher Scientific. Eighteen MΩ·cm Milli-Q water (Millipore, Bedford, MA) was used for all synthesis. 
  Synthesis. Fe NPs were produced by the reduction of FeSO4·7H2O (5.0 mmol) in methanol or water/methanol mixture (100 mL) using NaBH4 (35 mmol) under nitrogen gas.31,37 PVP stabilizers and different volume ratios of methanol to water were used to control the sizes of the resulting Fe NPs. First PVP (50 mL in methanol) solution was added to FeSO4·7H2O solution and the mixture was stirred for 10 min. Then a solution of NaBH4 (10 mL in water) was added dropwise. Solid NaBH4 was added when methanol was the only solvent (NaBH4 can react with methanol vigorously). The molar ratios of PVP (molar mass of monomer unit, 111.1 g/mol) to FeSO4·7H2O were varied from 4:1 to 32:1 with little change in particle size; 4:1 ratios were used in all XANES experiments. The volume ratios of methanol to water used were 9:1, 4:1 and 1:1. 6 mL of 1 M HCl was added to the 100 mL of 50 mM as-synthesized Fe NPs before oxidation reactions to remove any excess NaBH4. The solution was exposed to air and stirred by a stir bar (1 inch × 3/8 inch) at 800 rpm under room temperature (25 ± 2 °C), and 1.0 mL of the solution was delivered into a liquid cell for XANES measurements.
  Characterization. TEM analyses of the NPs were conducted using a Philips CM10 microscope operating at 100 kV. The samples were prepared by drop-casting a small amount of dilute, aqueous sample onto a carbon-coated copper TEM grid (Electron Microscopy Sciences, Hatfield, PA). Average particle diameters were determined by manually measuring more than 100 NPs from each sample using the ImageJ program.66 
  Fe K-edge XANES spectra were measured using the Soft X-ray Microcharacterization Beamline (SXRMB) 06B1-1 (energy range 1700 - 10000 eV; resolution, 3.3 × 10-4 to 1 × 10-4 ∆E/E with InSb(111) and Si(111) crystals) at the Canadian Light Source (CLS). The measurements were conducted under ambient atmosphere. Lowering the beam flux by defocusing and/or filtering the beam with Kapton filters and stirring the sample via magnetic stirring were used to avoid photoreduction and self-absorption problems. The liquid cells used for XANES analysis were SPEX CertiPrep Disposable XRF X-Cell sample cups with 4 μm ultralene window film (purchased from Fisher Scientific, Ottawa, ON). The software package IFEFFIT was used for data processing.67,68 X-ray energies were calibrated by reference to the absorption of a Fe standard metal foil assuming a lowest energy inflection point of 7112 eV. The background in each post edge was fit to a cubic spline function while the pre-edge region was fit with a straight line.53 Fe foil transmission spectrum and fluorescence spectra of FeSO4·7H2O and Fe(NO3)3·9H2O aqueous solutions (50 mM) were measured under the same conditions and used as standards for linear-combination analysis XANES fitting.
  The spherical grating monochromator (SGM) beamline at the CLS was used to collect XANES spectra at the Fe LII- and LIII-edge from 700 eV to 740 eV in 0.1 eV steps. Fluorescence spectra were measured using multi-element silicon drift detectors. A liquid cell with a 100 nm thick Si3N4 membrane was used along with a peristaltic pump to continuously flow the target solution through the interaction region. Data analysis was performed in IGOR Pro 6.2. The transmission spectra of Fe foil, FeLiPO4 and FePO4 were used as standards to calibrate the energies of the samples. 
  X-ray diffraction analysis was conducted with a Rigaku Rotaflex RU-200 rotating anode X-ray diffractometer using a Cu Kα (λ = 1.5406 Å) X-ray source. Samples were placed in a glass holder and scanned from 20° to 80° with scanning rate at 3.0°/min.
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Table 1. Summary of NP Sizes Determined by TEM

           System	NP Diameter      Shell Thickness
Methanol with PVP	2.3 ± 0.6 nm           −
Methanol/water (v/v) 9:1 with PVP	7.7 ± 1.2 nm        1.4 ± 0.4 nm
Methanol/water (v/v) 4:1 with PVP	11.8 ± 2.1 nm       1.5 ± 0.4 nm





Table 2. XANES Fitting Results

Sample	Oxidation Time (min)	Fe (0)%	Fe(II)%	Fe(III)%





















Figure 1. TEM images of Fe@FexOy NPs synthesized in different volume ratios of methanol to water (A) 9:1 methanol/water (v/v) with PVP; (B) 4:1 methanol/water (v/v) with PVP; (C) 1:1 methanol/water (v/v) with PVP; (D) only methanol solvent with PVP.


                






































Figure 6. XRD patterns of the (A) resulting Fe@FexOy NPs synthesized in the 1:1 methanol:water mixture and (B) oxidized Fe@FexOy NPs synthesized in the 1:1 methanol:water mixture. The intensities and positions of pure γ-FeOOH (lines at the bottom) were taken from the JCPDS database.
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